Seven species of Cylicocyclus Ihle, 1922 (Nematoda: Strongylidae) were collected from donkeys from Henan Province, China. Five samples of each species were selected for sequencing. Sixteen different internal transcribed spacer (ITS) sequences representing the seven species of Cylicocyclus were obtained. Sequence differences in the first internal transcribed spacer (ITS-1) among species was lower than that of the second internal transcribed spacer (ITS-2). Phylogenetic analyses were conducted using the combined ITS-1 and ITS-2 data sets from the present study and using reference sequences from the GenBank database. The MP and ML trees were similar in topology. The phylogenetic trees were divided into two clades. Clade I included 8 species of Cylicocyclus; within this group, Cylicocyclus leptostomus (Kotlan, 1920) is nested between different samples of Cylicocyclus ashworthi (LeRoux, 1924), suggesting C. ashworthi may represent a species complex. Clade II included Cylicocyclus elongatus (Looss, 1900) and Cylicocyclus ultrajectinus (Ihle, 1920); however, these two species always clustered with the comparative species (Petrovinema poculatum (Looss, 1900) and Poteriostomum imparidentatum Quiel, 1919), suggesting that C. elongatus and C. ultrajectinus represent members of other genera.
Introduction
Strongylid nematodes are common parasites of horses, donkeys, mules and zebras (Gawor 1995; Bucknell et al. 1995; Silva et al. 1999; Collobert-Laugier et al. 2002; Chapman et al. 2003; Anjos and Rodrigues 2006; Bu et al. 2009 ). They are major pathogens of horses causing pica, anaemia, even death, and leading to significant economic losses (Krecek and Guthrie 1999) . There are more than 70 species of equine strongylids belonging to 2 subfamilies, the Strongylinae (large strongyles) and the Cyathostominae (small strongyles or cyathostomes) (Lichtenfels 1975; Hartwich 1986; Zhang and K'ung 2002; Lichtenfels et al. 2008) .
Cylicocyclus Ihle, 1922 is the largest genus of Cyathostominae. Thirteen species of this genus have been reported worldwide (Lichtenfels et al. 2008) , and nine species have been recorded in China (Zhang and K'ung 2002) . The genus Cylicocyclus can be distinguished from other genera of the Cyathostominae based on the buccal capsule wall, which has a prominent ring-like thickening at its base. However, the taxonomic status of some species of the genus is controversial based on the morphological characters. For example, Cylicocyclus ashworthi (LeRoux, 1924) was regarded as a synonym of Cylicocyclus nassatus (Looss, 1900) , because the two species were very similar morphologically (see Lichtenfels 1975) , but it was later regarded as a valid species . Although Cylicocyclus ultrajectinus (Ihle, 1920) has the distinctive characters of this genus (ringlike thickening at base of buccal capsule wall), the internal leaf crown of this species, with 12-13 longer elements, differs from that of other congeners. Cylicocyclus elongatus (Looss, 1900) has a greatly elongated bursa and thus also differs from congeners. Therefore, the systematic relationships of these species warrant reexamination. Molecular tools have been used for the specific identification and phylogenetic analysis of nematodes. The first and second internal transcribed spacer region (ITS-1 + ITS-2 = ITS) of nuclear ribosomal DNA (rDNA) has been demonstrated to provide useful markers (Hung et al. 1997; 1999a , b, c, 2000 Gasser et al. 2004; Wu et al. 2005; Li et al. 2006; Zhu et al. *Corresponding author: lupingzhang0505@yahoo.com.cn Yanzhen Bu et al. 168 2007). Hung et al. (1997) compared the ITS-1 and ITS-2 sequences of C. ashworthi and C. nassatus. These authors reported a 2.2% sequence difference in ITS-1 and 3.8% difference in ITS-2, indicating that C. ashworthi and C. nassatus are different species as this level of variation is similar to that among other species of Cylicocyclus. Hung et al. (2000) also evaluated the phylogenetic relationships of the Strongylidae based on the ITS sequences of 30 species, but only 6 species of Cylicocyclus were included. In the present study, a phylogenetic analysis was undertaken using the ITS sequences of 10 species of Cylicocyclus, in order to understand the relationships and systematic positions of the species of Cylicocyclus.
Materials and methods

Collection of nematodes and morphological identification
Strongylid nematodes were collected from 34 donkeys in Xinxiang, Henan Province, China from February 2006 to January 2007. Nematodes were washed extensively in physiological saline, and then fixed in 70% ethanol before use. The mid-body region was removed for molecular studies, and the anterior and posterior ends were first cleared with lactophenol and identified using a compound microscope, according to existing keys and descriptions (Lichtenfels 1975 , Zhang and K'ung 2002 , Lichtenfels et al. 2008 .
DNA extraction, enzymatic amplification and sequencing of ITS
Genomic DNA was isolated from the mid-body segment using the Column Genomic DNA Isolation Kit (Shanghai Shangon, China), according to the manufacturer's instructions.
Five samples of each species of Cylicocyclus were selected for the PCR amplification of the ITS region for subsequent DNA sequencing. PCR was used to amplify this region (between the 3' end of the small subunit and 5' end of the large subunit of the rRNA genes) using the primers NC5 (forward; 5'-GTAGGTGAACCTGCGGAAGGATCATT-3') and NC2 (reverse; 5'-TTAGTTTCTTTTCCTCCGCT-3'). The PCR (in 50 µl) was performed under standard conditions (see Du et al. Table II . Intraspecific variation (bold).
Yanzhen Bu et al. 170 2010). Following column-purification (Wizard PCR-Preps, Promega), amplicons were sequenced (in both directions) using the Taq DyeDeoxy Terminator Cycle Sequencing Kit (v.2, Applied Biosystems, California, USA) in an automated sequencer (ABI-PRISM 377) using the same primers as employed for PCR. The ITS sequence (including 18S ribosomal RNA gene, partial sequence; ITS-1, 5.8S ribosomal RNA gene; ITS-2, complete sequence; and 28S ribosomal RNA gene, partial sequence) of each sample (specimen) was compared (using the algorithm BLASTn) with those available in the National Center for Biotechnology Information (NCBI) database (http://www.ncbi.nlm.nih.gov). All ITS sequences representing all specimens were then aligned using Clustal W (Thompson et al. 1994 ) and adjusted manually.
Phylogenetic analysis of ITS sequence data
The ITS sequences representing 7 species of Cylicocyclus in this study were aligned with a series of sequences representing other Cylicocyclus species as well as Cyathostomum catinatum Looss, 1900, Petrovinema poculatum (Looss, 1900), Quiel, 1919 and Cylicostephanus calicatus (Looss, 1900 ) (for GenBank accession numbers, see Table I ). For the alignment, 18S ribosomal RNA gene, partial sequence; 5.8S ribosomal RNA gene, and 28S ribosomal RNA gene, partial sequence were deleted, only ITS-1 and ITS-2 were aligned by clustal W. The alignment included all sites (deletion and insertion), and was regarded as to be unambiguous. Phylogenetic analyses of these ITS sequence data (Cylicostephanus calicatus with as an outgroup, and Cyathostomum catinatum, Petrovinema poculatum and Poteriostomum imparidentatum added for comparative purposes) were conducted using the Maximum parsimony (MP) and Maximum likelihood (ML) algorithms in PAUP v.4.0 beta 10. The relative support for clades in the MP and ML analyses was determined following 1000 bootstrap replicates.
Poteriostomum imparidentatum
Results and Discussion
Thirty-five samples were sequenced, and sixteen different ITS sequences representing the seven species of Cylicocyclus were Fig. 1 . Maximum parsimony (MP) tree constructed by PAUP 4.0 beta 10 using the combined ITS-1 and ITS-2 sequences of Cylicocyclus in this study and references sequences from the Genbank database (marked with an asterisk; see Table I ). Cylicostephanus calicatus was selected as an outgroup, and Cyathostomum catinatum, Petrovinema poculatum, Poteriostomum imparidentatum were included for comparative purposes. Bootstrap values (1000 replicates) of >50% are showed at internodes obtained (accession numbers: JQ906409-JQ906424). The length of the ITS sequences ranged from 829 to 843 bp (including ITS-1, 5.8S rDNA and ITS-2). No sequence variation in 5.8S rDNA was detected among the seven species; withinspecies variation of 0-1.09% was detected in ITS-1, 0.31-1.25% in ITS-2, and 0.14-1.16% in the combined ITS-1 and ITS-2. Sequence differences among species ranged from 0.54 to 4.05% in ITS-1, from 2.19 to 14.64% in ITS-2 and from 1.89 to 8.39% in the combined ITS-1 and ITS-2 (Table II and III). MP and ML trees constructed using the combined ITS-1 + ITS-2 data were similar in topology. Both the MP tree and the ML tree divided the genus into two clades. Clade I included Cylicocyclus leptostomus (Kotlan, 1902) , C. ashworthi, Cylicocyclus radiatus (Looss, 1900) , C. nassatus, Cylicocyclus insigne (Boulenger, 1917) , Cylicocyclus auriculatus (Looss, 1900) , Cylicocyclus adersi (Boulenger, 1920) and Cylicocyclus brevicapsulatus (Ihle, 1920) . Clade II included C. elongatus, C. ultrajectinus, Petrovinema poculatum, Poteriostomum imparidentatum. Cyathostomum catinatum always clustered with the outgroup in the MP and ML trees (Figs 1 and 2) .
In clade I, C. leptostomus is actually nested between different samples of C. ashworthi. This result indicated C. ashworthi maybe a synonym of C. leptostomus. However, C. leptostomus can be easily distinguished from C. ashworthi morphologically by the shape of the buccal capsule, oesophagus, bursa, and by the elements of external leaf crown. Therefore, we considered C. ashworthi may represent a species complex. Fortunately, we have observed two types of genital cones from different samples of C. ashworthi (Fig. 3) , detailed study may reveal more characters to differentiate this two types from the samples of C. ashworthi. C. ashworthi was described by Le Roux (1924) , but it was synonymized with C. nassatus by Ihle (1925) and recognized by many authors (Lichtenfels 1975) . Lichtenfels et al. (1997) redescribed C. ashworthi and differentiated this species from similar species (C. radiatus and C. nassatus). A molecular phylogenetic analysis of 30 species of strongylid nematodes using a combined ITS-1 and ITS-2 dataset was conducted by Hung et al. (2000) , who showed that C. ashworthi clustered with C. leptostomus and then with C. nassatus. This finding is consistent with our result, con- Fig. 2 . Maximum likelihood (ML) tree constructed by PAUP 4.0 beta 10 using the combined ITS-1 and ITS-2 sequences of Cylicocyclus in this study and reference sequences from Genbank (marked with an asterisk; see Table I ). Cylicostephanus calicatus was selected as an outgroup, and Cyathostomum catinatum, Petrovinema poculatum, Poteriostomum imparidentatum were included for comparative purposes. Bootstrap values (1000 replicates) of >50 % are showed at internodes firming C. ashworthi is a valid species. C. insigne always clustered with C. auriculatus, indicating that the two species have a close relationship. C. insigne, C. auriculatus and C. adersi are larger species of Cylicocyclus, whereas C. leptostomus, C. ashworthi, C. radiatus and C. nassatus are smaller species of the genus. Lichtenfels et al. (2005) speculated that the large species (C. gyalocephaloides, C. auriculatus and C. adersi) commonly found in zebras and donkeys in Africa may have originated in Africa in these hosts and gave rise to C. insigne parasitic in E. caballus. The present study partially supported this hypothesis, because C. insigne and C. auriculatus are close relatives. However, C. adersi seems to be more closely related to the smaller species than to the large species (Figs 1 and 2) , suggesting that the size of species is not an important character.
In clade II, two species of Cylicocyclus (C. elongatus and C. ultrajectinus) always clustered with Petrovinema poculatum and Poteriostomum imparidentatum, suggesting that the two species may belong to a distinct genus respectively. The possibility of C. ultrajectinus representing a member of a separate genus was suggested by the analysis of the combined ITS-1 and ITS-2 dataset of Hung et al. (2000) . Our data suggested that C. elongatus is also a member of another genus. Morphologically, C. elongatus has a greatly elongated bursa, and C. ultrajectinus has 12-13 longer elements in the internal leaf crown. We suggest that the longer bursa and the different shape of internal leaf crown elements may be generic characters. Further phylogenetic analysis of morphological characters is needed to elucidate the positions of C. elongatus and C. ultrajectinus.
In conclusion, sixteen sequences of ITS from seven species of Cylicocyclus were characterized. Upon pairwise comparison, sequence differences in ITS-1 among species were smaller than those in ITS-2, which is similar to the earlier report by Hung et al. (2000) . Molecular phylogenetic analysis revealed that the species of Cylicocyclus did not represent a monophyletic group, and that C. elongatus and C. ultrajectinus may belong to a distinct genus respectively. C. ashworthi may represents a species complex because C. leptostomus is nested between different samples of C. ashworthi in the MP and ML trees. This was the first study to investigate the phylogenetic relationships of an extended range of species of Cylicocyclus using molecular data. Although the MP and ML trees divided Cylicocyclus into two clades, the nodes were not strongly supported because the branches with lower bootstrap value. Therefore, further work is needed to fully understand the affinities of the species within this genus by providing new genes, but molecular data for these species remain to be obtained.
